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CONVERSION FACTORS
Readers who prefer metric (International System) units of measurement rather than the inch-pound units used in this report may use the following conversion factors :
Multiply Urban planners and managers need information on the quantity of precipitation and the quality and quantity of runoff in their cities and towns if they are to adequately plan for the effects of storm runoff from urban areas . As a result of this need, four sets of linear regression models were developed for estimating storm-runoff constituent loads, storm-runoff volumes, storm-runoff mean concen trations of constituents, and mean seasonal or mean annual constituent loads from physical, land-use, and climatic characteristics of urban watersheds in the United States. Thirty-four regression models of storm-runoff con stituent loads and storm-runoff volumes were developed, and 31 models of storm-runoff mean concentrations were developed . Ten models of mean seasonal or mean annual constituent loads were developed by analyzing long-term storm-rainfall records using at-site linear regression mod els . Three statistically different regions, delineated on the basis of mean annual rainfall, were used to improve linear regression models where adequate data were available . Multiple regression analyses, including ordinary least squares and generalized least squares, were used to determine the optimum linear regression models . These models can be used to estimate storm-runoff constituent loads, storm-runoff volumes, storm-runoff mean concen trations of constituents, and mean seasonal or mean annual constituent loads at gaged and ungaged urban watersheds .
The most significant explanatory variables in all linear regression models were total storm rainfall and total contributing drainage area. Impervious area, land-use, and mean annual climatic characteristics also were signif icant in some models. Models for estimating loads of dissolved solids, total nitrogen, and total ammonia plus organic nitrogen as nitrogen generally were the most accurate, whereas models for suspended solids were the least accurate . The most accurate models were those for
INTRODUCTION
The Clean Water Act of 1977 (PL 95-217) established the Nationwide Urban Runoff Program (NURP) to assess the nature and cause of urban runoff and its effects on surface and ground water . The goals of NURP were to develop information to determine whether urban runoff affects water quality and to provide the means to control nonpoint sources of pollution from urban areas. In response to this need, the U.S . Geological Survey and the U .S. Environmental Protection Agency in cooperation with State and local governments conducted programs to collect and analyze data on storm rainfall, runoff, and water quality in numerous cities throughout the United States . The objective was to provide needed data for cities to properly plan, zone, and design storm-runoff areas .
Urban storm runoff is becoming a substantial source of surface-water pollution in the United States . Because col lection and analysis of urban-storm-runoff data are expen sive and time consuming, city planners and engineers need techniques to make estimates where minimal or no data exist. Current (1988) and past storm-runoff data-collection and analysis projects are site-oriented and isolated cases . Pollutants need to be categorized and characterized on the basis of climatic properties, physical and land-use charac teristics, and geographic locations. Colyer and Yen (1983) identified the need for a generalized pollution prediction method, based on a sufficient quantity of data, for use at ungaged watersheds or watersheds with future urbanization . To fulfill this need, we developed regression models based on a national urban water-quality data base to relate variables-(1) discharge-weighted storm-runoff constituent loads (hereinafter referred to as storm-runoff loads), (2) storm-runoff volumes, (3) mean concentrations of constit uents during storm runoff (hereinafter referred to as stormrunoff mean concentrations), and (4) mean seasonal or annual constituent loads (hereinafter referred to as mean seasonal or annual loads)-to urban physical, land-use, and climatic characteristics so as to predict these variables at ungaged urban watersheds .
Previous studies about estimating storm-runoff loads and mean seasonal or annual loads have been done on a site-specific basis in metropolitan areas throughout the United States . Selected references for U.S. Geological Survey studies are listed in Driver and others (1985) , and selected references for U.S . Environmental Protection Agency site-specific studies are described by the U.S . Environmental Protection Agency (1983) . There are other generalized techniques to estimate pollutant loads at urban watersheds. Young and others (1979) devised a simplified method to evaluate the severity of nonpoint-source loads for urban watersheds . The U.S . Environmental Protection Agency (1983) provided a national summary of urbanrunoff characteristics in a table for planning-level purposes . These characteristics were intended for use as estimates to be used in the absence of any local information . A derived distribution approach to identify the effects of urbanization on frequencies of overflows and pollutant loadings from storm sewer overflows was developed by Loganathan and Delleur (1984) . Preliminary findings for the national esti mation of urban storm-runoff loads were reported by Driver and Lystrom (1986, 1987) .
A variety of deterministic urban water-quality models are available for estimating pollutant loadings. Huber and Heaney (1982) , Kibler (1982) , and Whipple and others (1984) reviewed available models . Huber (1986) reviewed deterministic urban-runoff-quality estimating procedures in detail .
Purpose and Scope
The purpose of this report is to describe the methods and models of three procedures for estimating (1) stormrunoff loads and storm-runoff volumes, (2) storm-runoff mean concentrations, and (3) mean seasonal or annual loads . The first phase involved the development of linear regression models (hereinafter referred to as regression models) to estimate selected storm-runoff loads and vol umes for urban watersheds on a regional basis. For this analysis, the United States was divided into three regions on the basis of mean annual rainfall. For each region, a regression model was developed that related 11 stormrunoff loads and volumes to physical, land-use, and cli matic characteristics . Coefficients of multiple determination (R2) and standard errors of estimate presented here are indicators of adequacy of fit of the regression model to the data and of the accuracy of estimates. Storm-runoff loads for 11 constituents-including chemical oxygen demand, suspended solids, dissolved solids, total nitrogen, total ammonia plus organic nitrogen as nitrogen (total Kjeldahl nitrogen), total phosphorus, dissolved phosphorus, total recoverable cadmium, total recoverable copper, total recov erable lead, and total recoverable zinc-and storm-runoff volumes have been analyzed . Thirty-four models and cor responding statistics for storm-runoff loads and volumes are included in this report.
The second phase involved developing regression mod els to estimate storm-runoff mean concentrations, defined as the storm-runoff load divided by the storm-runoff vol ume . The same regions, water-quality constituents, and sets of explanatory variables for each storm-runoff-load model that was developed in the first phase of this report were used in the second phase . For each region, a regression model also was developed that related 11 storm-runoff mean concentrations to physical, land-use, and climatic character istics . These regression models and corresponding statistics for the storm-runoff mean concentrations are presented .
The third phase involved determining values of mean seasonal or annual loads for selected watersheds and devel oping regional regression models to estimate mean sea sonal or annual loads that enter receiving water in urban watersheds . The water-quality constituents for the mean seasonal or annual loads include chemical oxygen demand, suspended solids, dissolved solids, total nitrogen, total ammonia plus organic nitrogen as nitrogen (total Kjeldahl nitrogen), total phosphorus, dissolved phosphorus, total recoverable copper, total recoverable lead, and total recov erable zinc. The regression models were based on physical, land-use, and climatic characteristics of urban watersheds .
� � � � � � � � � data for 98 of the 99 previously mentioned urban stations . The_ Survey data base used in this report includes data for 1,123 storms for 98 urban stations in 20 metropolitan areas ( fig . 1 ) . The U.S . Environmental Protection Agency data base (U .S . Environmental Protection Agency, 1983) consists of similar data for 1,690 storms for 75 urban stations in 15 metropolitan areas ( fig . 1 ) . (The two agencies' data bases have five metropolitan areas in common .) Storm-runoff loads were computed by the Survey using published values of total storm runoff and storm-runoff mean concentrations . Information for a U.S . Environmental Protection Agency station was included in the combined data base if adequate data existed for one or more storms at each station. The minimal data included (1) storm-runoff mean concentration, (2) total rainfall and storm duration, and (3) total contributing drainage area, impervious area, and land use.
The U .S . Geological Survey and U.S . Environmental Protection Agency data bases were combined to create a common set of water-quality constituents-biochemical oxygen demand, chemical oxygen demand, total suspended solids, total nitrite plus nitrate, total ammonia plus organic nitrogen as nitrogen, fecal coliform bacteria, total phosphorus, dissolved phosphorus, total recoverable copper, total Data for the five stations common to both data bases were compared to indicate how well the data bases coin cided . Runoff loads and characteristics for storms that were common to both data sets were compared, as were basin characteristics . Generally, there was little difference between the two data sets .
The values of storm-runoff mean concentrations for the Survey data were calculated by dividing the storm-runoff load, in pounds, by the average storm-runoff depth over the basin, in inches, and the total contributing drainage area, in square miles, multiplied by a conversion factor . The values of storm-runoff mean concentrations for the U.S. Environmental Protection Agency data were cited from the results of NURP (U.S . Environmental Protection Agency, 1983) . In the U.S. Environmental Protection Agency study, the concentration of the flow-weighted composite sample was used to represent the storm-runoff mean concentration . Where sequential discrete samples were collected over the hydrograph, the storm-runoff mean concentration was determined by calculating the area under the curve of concentration multiplied by discharge rate over time and dividing it by the area of the curve of runoff volume over time. Again, when storms that were common to both data sets were compared, there was little difference found between the two data sets.
Mean seasonal and annual loads were based on stormrunoff loads obtained from the two data bases . Long-term rainfall characteristics, used to calculate long-term mean seasonal and annual loads, were obtained from National Oceanic and Atmospheric Administration weather tapes (Warren, 1983) . Calculation procedures are discussed in the section entitled "Estimating Procedures for Mean Seasonal or Mean Annual Loads ."
ESTIMATING PROCEDURES FOR STORM-RUNOFF LOADS AND STORM-RUNOFF VOLUMES

Methods
Storm-runoff loads or storm-runoff volumes can be estimated by either deterministic or statistical models . Because of the costs and uncertain accuracy of deterministic models for ungaged sites, statistical models, which should be sufficient for planning purposes at most ungaged sites, were selected to develop the relation of physical, land-use, and climatic characteristics to storm-runoff loads and volumes. Troutman (1985) stated that "a model, no matter how simple, complex, or physically based, becomes a statistical model simply by representing the errors in the model as random variables and imposing a probabilistic structure on them." A study comparing results of deterministic and regression models of storm-runoff loads and volumes in Denver, Colo ., indicated that neither type of model consis tently was more accurate than the other when applied to a particular basin (Lindner-Lunsford and Ellis, 1987) . A study assessing commonly used flood-frequency methods compared deterministic and regression models for determin ing peak flood-flow frequencies for rural ungaged water sheds (Newton and Herrin, 1982) . The study was based on information developed during a pilot test that evaluated the feasibility of a nationwide test to discriminate between procedures for estimating peak flood-flow frequencies for ungaged watersheds . The authors concluded that the most accurate and reproducible procedures evaluated were regression-based procedures in which estimating models are calibrated to flood-frequency determinations at gaged loca tions.
In this study, regional regression models were devel oped that related storm-runoff loads and volumes (response variables) to easily measured physical, land-use, and cli matic characteristics (explanatory variables) . Accuracy of the estimates of storm-runoff loads or volumes (standard error of estimate) is a function of the difference between measured and estimated storm-runoff loads or volumes .
In a simplistic assessment, storm-runoff loads or vol umes could be estimated from their mean values for each region . However, more accurate estimates can result by using multiple-regression analysis to relate these response variables to physical, land-use, and climatic characteristics . Regional analyses account for spatial variations in stormrunoff loads or volumes that are caused by regional differ ences in characteristics directly or indirectly affecting storm-runoff loads or volumes .
Selection of Response and Explanatory Variables
Storms were selected from the data base according to certain assumptions and availability of specific variables . When a variable selected for a specific analysis was unavailable for a storm, that storm was omitted from the analysis. No attempts were made to estimate missing variables . Because of missing data, not all 2,813 storms in the data base were used for most analyses .
Regional regression models were developed for 11 storm-runoff loads plus storm-runoff volume. The 11 storm-runoff loads, expressed in pounds, are chemical oxygen demand (COD), suspended solids (SS), dissolved solids (DS), total nitrogen (TN), total ammonia plus organic nitrogen as nitrogen (TKN), total phosphorus (TP), dis-solved phosphorus (DP), total recoverable cadmium (CD), total recoverable copper (CU), total recoverable lead (PB), and total recoverable zinc (ZN). Storm-runoff volumes (RUN) are expressed in inches . Storm-runoff loads of DS and CD are available only in the Survey data base . All abbreviations are described in the "Conversion Factors and Abbreviations" section of the table of contents and will be used throughout the report.
The response variables (storm-runoff loads and vol umes) were selected according to the frequency of that variable in the data base and according to the general importance of the variable in urban planning. Although one of the assumptions of regression analysis is that the errors are uncorrelated in time, some storm-runoff loads and volumes may be slightly correlated because some storms were sampled consecutively in a watershed . This correla tion in the response variable is negligible in this analysis because most storms were well separated in time.
Explanatory variables used in the regression models of storm-runoff loads and volumes include the following :
Physical and land-use characteristics : 1 . Total contributing drainage area (DA), in square miles . 2. Impervious area (IA), as a percent of total contributing drainage area. 3 . Industrial land use (LUI), as a percent of total contributing drainage area. 4. Commercial land use (LUC), as a percent of total contributing drainage area. 5 . Residential land use (LUR), as a percent of total contributing drainage area. 6. Nonurban land use (LUN), as a percent of total contributing drainage area. 7 . Population density (PD), in people per square mile . Climatic characteristics :
1 . Total storm rainfall (TRN), in inches . 2. Duration of each storm (DRN), in minutes . 3. Maximum 24-hour precipitation intensity that has a 2-year recurrence interval (INT), in inches . 4. Mean annual rainfall (MAR), in inches . 5. Mean annual nitrogen load in precipitation (MNL), in pounds of nitrogen per acre. 6. Mean minimum January temperature (MIT), in degrees Fahrenheit . Highly correlated explanatory variables were identified so they would not be combined in the same model. Alley and Veenhuis (1979) reported a high correlation between land use and percent effective impervious area. In this report, because the correlation between land use and imper vious area was high, the most significant of these explana tory variables was selected for each model . Explanatory variables also were selected on the basis of their frequency of availability in the data base, on their ease of measure ment by urban planners, and on the basis that their various combinations were physically logical . For instance, mean annual climatic characteristics were not combined in a model because rainfall, temperature, and rainfall intensity all are highly related to one another . Also, impervious area and land uses were not combined in a model because the variables explain similar physical processes . Although storm-runoff volume generally fulfilled the selection criteria, storm-runoff loads (constituent concentration multiplied by storm-runoff volume) are not regressed against stormrunoff volume because storm-runoff data are more difficult and expensive to collect than physical, land-use, and storm characteristics .
Explanatory variables for each regression model were selected using stepwise regression procedures available through the Statistical Analysis System (SAS Institute, 1985) . The primary criterion for selecting the most appro priate set of explanatory variables was that regression coefficients were significantly different from zero (Draper and Smith, 1981 ) at a 5-percent level. Several other criteria were applied to distinguish between explanatory variable sets that fulfilled the primary criterion . These were (1) the mean square error (82), the variance about the regression, which represents a measure of error with which any observed value of Y could be predicted from a given value of X using the determined model; (2) the coefficient of multiple determination (R 2), which measures the proportion of total variation about the mean, Y , explained by the regression; (3) Mallows' Cp statistic, a measure of the squared bias and variance of the error (Draper and Smith, 1981); (4) the signs on the coefficients of the explanatory variables ; and (5) correlation among the explanatory vari ables, which was intended to decrease the multicollinearity among the explanatory variables .
Definition of Homogeneous Regions
Initially, all data were analyzed together, and the most accurate regression models were selected for each constit uent. Then the data were analyzed on a regional/stratified basis to evaluate if the regression models could be improved. Regionalization on the basis of statistically aggregated patterns and physical settings has been benefi cial in many hydrologic studies including those of Waylen and Woo (1984) , Kircher and others (1985) , and Schuster and Yakowitz (1985) .
The optimum regional divisions were selected after testing seven possible bases for regionalization or stratifi cation: physiographic divisions, geographic divisions, total contributing drainage areas, impervious areas, 2-year 24 hour rainfall, mean annual rainfall, and mean minimum January temperatures . The resultant regionalized models were compared with the regression models representing all the data. Regionalization improved the accuracy of the regression models . According to the smallest standard errors of estimate, the regional breakdown that provided the best regression results was based on mean annual rainfall . � � Analysis of covariance was done on data in regions based on mean annual rainfall to determine if the regions were significantly different from one another . The three regions were different statistically from one another at a 1-percent or better significance level, according to an F-test . The F-test is used to test if the variation observed between the regions is greater than would be expected by chance in 100(1-a) percent similar sets of data with the same values of n and X. The coefficients for each explanatory variable in the regression models differed significantly between regions . The F-test further verified that regionalization was explanatory variables. On the basis of minimizing the standard error of estimate, logarithmic transformation also was found generally to be more suitable for the explanatory variables in all models of storm-runoff loads and volumes . Multiple regression models that use the power regression function, which is based on logarithmic transformations of the response and explanatory variables, are in the following form:
log Y = PO + R I X log X1+ R 2 X log X 2
The United States was divided into three geographi cally distinguishable regions ( fig . 1 ) that represented areas that have mean annual rainfall less than 20 inches (region 1), mean annual rainfall of 20 to less than 40 inches (region II), and mean annual rainfall equal to or greater than 40 inches (region 111). Geographically, metropolitan areas in region I included the Western States, excluding Hawaii, Oregon, and Washington ; metropolitan areas in region II included the Midwestern and Great Lakes States, the Pacific North west, and Hawaii ; and metropolitan areas in region III included the Southern States and the coastal Northeastern States . Values of mean annual rainfall can be determined from data listed in the report by the National Oceanic and Atmospheric Administration (1980) .
Selection of Model Form
Coinciding with selection of the best explanatory vari ables, the best transformations for each regression model were determined . Transformations are used to achieve linearity of the regression function, normality of residuals, and stability in the error variance. The Box and Cox maximum-likelihood method (Draper and Smith, 1981) was used for selecting the best transformation for the response variable . For all regression models of storm-runoff loads and volumes, the best transformation for the response variable was the logarithmic transformation . The logarith mic transformation is appropriate because there generally is more uncertainty associated with larger storm-runoff vol umes and, therefore, with larger storm-runoff loads than with smaller storm-runoff loads or volumes (lack of homoscedasticity) . Homoscedasticity, which is one of the standard assumptions of least-squares theory, infers constancy of error variance for all observations . The net effect of the transformation is to assign less weight to the more uncer tain, large storm-runoff loads or volumes ; as a result, during the calibration period, the fit will seem worse for larger storm-runoff loads or volumes than if the calibration had been done without transformation . However, estimates of regression coefficients probably are more accurate (Trout man, 1985) .
Plots of residuals, which are the differences between the measured values and the regression predictions, were examined to determine the best transformation for the 6 (3n X log Xn where = estimated storm-runoff load or volume (response variable) ;
R0 " R1 . R2, Rn = regression coefficients ; X1 , X2 . . . , Xn = physical, land-use, or climatic characteristics (explanatory vari ables) ; and n = number of physical, land-use, and climatic characteristics in the regression model.
The most appropriate regression models were selected using stepwise regression and the criteria noted earlier . All models were tested further to ensure that they satisfied the assumptions of regression . One necessary assumption for obtaining accurate results from ordinary least-squares regression is that the random errors (residuals), which are the differences between the measured values and the regres sion predictions, have constant variance throughout the range of the explanatory variables (homoscedasticity) . Some violations of the constant-variance assumption can be detected by plotting the residual values against the predicted values . This procedure indicated that the variance of the residuals seems to be reasonably constant throughout the entire range of prediction.
When equation 1 is detransformed it becomes Miller (1984) , Koch and Smillie (1986), and Ferguson (1986) reported that detransformation of a fitted regression model provides a consistent estimator of median -response, but the detransformation systematically underestimates the mean response. Therefore, a bias-correction factor needs to be included in the detransformed regression model if an unbiased estimate of the mean is to be obtained. Biascorrection factors were estimated using a parametric method (Miller, 1984) and a nonparametric method (Duan, 1983) . The values were similar, and the nonparametric method was � � � used. A bias-correction factor (BCF) was calculated for each model by using a smearing estimate that is a nonpa rametric method based on the average residuals in original units according to suggestions in Duan (1983) . As a result of this BCF, the form ofthe regression model that applies to all models of storm-runoff loads and volumes (equation 1) is Y = 00, X X, pi X X2 p2 . . . Xnfsn X BCF .
Models Thirty-one storm-runoff-load models and three stormrunoff-volume models were developed for metropolitan areas throughout the United States . The models were developed using ordinary least-squares regression . Except for dissolved solids and cadmium, there was one regression model for each of the storm-runoff loads and volumes in each of the three mean annual rainfall regions . The regres sion models for dissolved solids and cadmium in region III were omitted because only one metropolitan area was represented . One metropolitan area in a region was not adequate for development of a regression model because four of the explanatory variables (INT, MAR, MNL, MJT) had only one common value for all watersheds in a metropolitan area.
The regression models and their corresponding BCF's are listed in table 1 . Equation 3 defines the regression model used to compute these storm-runoff loads and volumes . The metropolitan areas, R2, standard errors of estimate (expressed in percent and in logs), standard deviations of log of response variable, mean of log of response variable, average prediction errors, and number of storms and sta tions corresponding to each regression model are listed in table 2. R2 indicates the proportion of the total variation of the response variable that is explained by the explanatory variables. Therefore, the value of R2 is used as a summary measure to judge the fit of the regression model to the data. The standard error of estimate of the mean is an estimate of the standard deviation about the regression . The smaller the standard error of estimate, the more precise will be the predictions . The standard error of estimate, in percent, was calculated for all the regression models using the following equation: The values of R2 in the models that use ordinary least squares range from 0.35 to 0.95 (table 2). Standard errors of estimate range from 57 to 265 percent (table 2 and fig . 2) . Accuracy of the models is discussed further in the section entitled "Comparisons of All Storm-Runoff Load and Storm-Runoff Volume Models."
Three-Variable Models
The three-variable models are simplified regression models for the 11 storm-runoff loads. The explanatory variables always are TRN, DA, and IA. The 31 three variable models are listed in table 3. Equation 3 defines the regression model used to compute the storm-runoff loads listed in table 3. The BCF's, R2, standard errors of estimate (expressed in percent and in logs), and number of storms also are listed.
These three-variable models are simplified alternatives to the regression models listed in table 1 . City planners or engineers can use the three-variable models if they want an approximate estimate of the storm-runoff loads for urban watersheds . However, if more accurate estimates are desired, the regression models listed in table 1 need to be applied . The three-variable models were derived using ordinary least squares .
Comparisons of All Storm-Runoff-Load and Storm-Runoff-Volume Models Many consistent patterns are apparent when all stormrunoff load models are compared . The two most significant explanatory variables in the 31 storm-runoff load models were TRN and DA . According to an F-test, the coefficients of these explanatory variables were significant at a 1 percent or better level for all models . These two explanatory variables always were the first to enter the model in a forward-stepwise regression.
In addition to these two explanatory variables, the 31 regression models in table 1 generally included a combina tion of land uses or impervious area. In regression models where a combination of land-use variables was significant, only three of the four land-use categories (industrial, commercial, and nonurban) generally were significant at a 15-percent or better level in a forward-stepwise regression, and the fourth, residential land use, generally was not significant . Although many urban studies have not reported land use to be significant in estimating storm-runoff loads, many of the regression models in this report include land-use variables that are significant at the 0.05 level. The U .S. Environmental Protection Agency nationwide urban study reported that land-use category does not provide a useful basis for predicting differences in values of storm runoff mean concentrations at sites (U .S. Environmental Protection Agency, 1983) . Lystrom and others (1978) reported that, in the Susquehanna River basin, land use had Estimating Procedures for Storm-Runoff Loads and Storm-Runoff Volumes 7 Table 1 . Summary of regression models for storm-runoff loads and volumes 1130 is the regression coefficient that is the intercept in the regression model ; TRN is total storm rainfall ; DA is total contributing drainage area ; IA is impervious area ; LUI is industrial land use ; LUC is commercial land use; LUR is residential land use ; LUN is nonurban land use ; PD is population density ; DRN is duration of each storm; INT is maximum 24-hour precipitation intensity that has a 2-year recurrence interval; MAR is mean annual rainfall ; MNL is mean annual nitrogen load in precipitation ; MJT is mean minimum January temperature ; BCF is bias correction factor; COD is chemical oxygen demand in storm-runoff load, in pounds ; I is region I representing areas that have mean annual rainfall less than 20 inches ; II is region II representing areas that have mean annual rainfall of 20 to less than 40 inches ; III is region III representing areas that have mean annual rainfall equal to or greater than 40 inches ; SS is suspended solids in storm-runoff load, in pounds ; DS is dissolved solids in storm-runoff load, in pounds ; TN is total nitrogen in storm-runoff load, in pounds ; TKN is total ammonia plus organic nitrogen as nitrogen in storm-runoff load, in pounds ; TP is total phosphorus in storm-runoff load, in pounds ; DP is dissolved phosphorus in storm-runoff load, in pounds ; CD is total recoverable cadmium in storm-runoff load, in pounds ; CU is total recoverable copper in storm-runoff load, in pounds ; ZN is total recoverable zinc in storm-runoff load, in pounds ; RUN is storm-runoff volume, in cubic feet ; dashes (--) a significant impact on some water-quality characteristics . and regression coefficients of each regression model need to In a Denver urban study, land use was not significant (Ellis be evaluated from the standpoint of conceptual knowledge and others, 1984). However, on a national basis, land use of the water-quality processes . If the sign of a regression explained a significant quantity of variability in the stormcoefficient is contrary to intuitive understanding of the runoff loads for 18 of the 31 storm-runoff-load models .
process involved, the following causes are possible explaImpervious area was a significant explanatory variable in 12 nations: storm-runoff-load models . Mean annual climatic variables 1 . Significant cross-correlation between explanatory vari also were significant in 25 regression models .
ables causes multicollinearity problems in the regresSigns of the coefficients for each of the regression sion models . models generally were hydrologically logical ; however, 2. The process involving the effect of the explanatory signs sometimes are difficult to interpret in multiple regres variables on the water-quality constituents is not well sion models because some correlation between explanatory understood . variables exists . Although regression models cannot 3 . The explanatory variable is a surrogate for another directly define cause-effect relations, explanatory variables variable.
Techniques for Estimation of Storm-Runoff Loads, Volumes, and Concentrations in Urban Watersheds4. Large data-input errors occurred during compilation of the response or explanatory variables. 5 . The apparent significance of an explanatory variable may be due to chance and, therefore, the relation would be spurious . These causes were considered during the selection of variables and the analysis of the regression models .
The explanatory variables expected to have a positive sign were TRN, DA, IA, LUI, LUC, LUR, PD, and MNL . Explanatory variables expected to have a negative sign were LUN, DRN, INT, MAR, and MIT. The explanatory variables included in each regression model generally had the expected signs on the coefficients . However, because of the effects of multicollinearity, signs on individual terms in a regression model may seem counterintuitive while the regression model is still statistically correct . The reason is that the sign on an individual term indicates the direction of change in the prediction corresponding to a change in the individual explanatory variable with other explanatory vari ables held constant . However, in a natural setting, certain variables are never held constant ; rather, changes in all the explanatory variables usually occur simultaneously . DRN has an inverse relation with storm-runoff loads in region I because the shorter storms in the West generally are more intense thunderstorms that have greater rainfall and result in larger storm-runoff loads . MAR generally has a negative relation to storm-runoff loads, which may indicate that longer periods between storms in drier climates enable more residue to build up on impervious surfaces ; therefore, a smaller MAR would produce greater storm-runoff loads. Values of MJT are inversely related to storm-runoff loads of SS and DS for region II. This inverse relation may reflect the effects of salting the roads in this region .
Ranges of RZ and standard errors of estimate indicate that all of the regression models have significant unex plained errors . However, because the coefficients of the regression models are significant at the 5-percent level, more variability is explained by the regression model than by the mean of the response variable . The significance of regression is determined by hypothesis testing on the slopes and intercept at some predetermined level. In this report we applied an a level of 0 .05 . Standard errors of estimate generally are less than 160 percent except for the models for storm-runoff loads of SS and several regression models in region III . In models where the standard errors of estimate are large, the BCF's are correspondingly large, which indicates that the mean is substantially larger than the median .
Values of R` and corresponding standard errors of estimate for the models of storm-runoff loads of SS indicate that these regression models have significant unexplained errors . The BCF's are significantly larger than the BCF's for all other models . In the U.S. Environmental Protection Agency national urban study, the values of storm-runoff mean concentrations of SS had coefficients of variation that ranged between 100 and 250 percent, and all other constit uents had coefficients of variation that ranged between 50 and 100 percent (U.S . Environmental Protection Agency, 1983) . SS values are difficult to estimate because sampling techniques are poor, and there is considerable variation in the composition of suspended-solids samples . Some of the unexplained error may be because samples collected from manmade and natural channels have been combined in this data base.
The values of R` for the two models of storm-runoff loads of DS, 0.92 and 0.93, indicate that most of the variability in the storm-runoff loads is explained by the regression model . A large value of Rz simply may result because the explanatory variables have a large range ; however, ranges of the explanatory variables in these regression models correspond with those in other models . Standard errors of estimate are relatively small for estima tions of storm-runoff loads throughout large geographical areas.
Values of Rz are small and corresponding standard errors of estimate generally are large for the models of storm-runoff loads of trace metals . These values indicate that there is much unexplained variability and error in these regression models, which may partly be a factor of the analytical technique . Varying analytical recovery of metals from water samples that contain different sediment miner alogy occurs because of differences in chemical digestion rates . This variation can cause differences in analytical results of trace-metal concentrations and cause problems in the interpretation of total-recoverable data. In addition, the trace-metal analyses lack any specific relation to biotic uptake because the total-recoverable method greatly over estimates the bioavailable concentrations . Therefore, Davies (1986) recommended that concentrations oftrace metals be analyzed in effluent samples and in samples used to measure the effects of nonpoint sources of pollution based on the "potentially dissolved method ." Future urban studies need to examine this analytical method .
Storm-Runoff-Load Models for Region I
In region I models, values of R` generally were larger and standard errors of estimate (table 2 and fig . 2 ) were smaller than those in the region II and region III models . As mean annual rainfall increased, the ability to estimate storm-runoff loads decreased . Therefore, the most accurate models for storm-runoff loads generally were those for the more western States, and the least accurate models were those for areas that had larger quantities of mean annual rainfall . A possible statistical explanation for the larger values of R` in region I is that the range of the explanatory variables is larger than the range in regions II and III. However, although TRN had the smallest range in region I and DA had the largest range in region I (figs. 3 and 4), most of the models for region I were developed from values of TRN and DA that were comparable to the other two regions ( In region II, model values ofRZ were smaller than those in region I models, and standard errors of estimate ( fig . 2) were comparable to those in region I models . The most accurate models in region II were those for storm-runoff loads of COD, DS, TN, and TKN . The values of RZ ranged from 0 .71 to 0 .92, and standard errors of estimate ranged from 69 to 106 percent (table 2). The least accurate models were those for storm-runoff loads of SS, PB, and ZN . The value of RZ was small for the storm-runoff load of PB . Standard errors of estimate were large for storm-runoff loads of SS and ZN. An explanation for the inaccuracy of the models for storm-runoff loads of SS were described in the previous section; however, the large standard error of estimate for ZN and the small value of Rz for PB are difficult to explain . Several factors, including the following, were considered but deemed to be inconsequential . The range of the explanatory variables were compared with ranges for other storm-runoff-load models in region II and were not different . The number of storms, stations, and metropolitan areas were sufficient to explain the variability of the response variable throughout the region (table 2). The data of storm-runoff loads for PB before 1979, when laws were passed requiring unleaded fuel in automobiles, were deleted to eliminate major discrepancies in the PB data.
for the larger values of R'-in region I is that, in urban areas that have small mean annual rainfall, the pollutants accu mulate and are never washed off completely during any storm . In areas that have larger mean annual rainfall, the pollutant accumulation can be washed off completely by more frequent storms . As a result, the succeeding storm may produce the same quantity of rainfall as the preceding storm but may produce considerably smaller storm-runoff loads . The variable, antecedent dry days, which is dis cussed in the section entitled "Storm-Runoff-Load Models for Region Ill," could explain some of this variability .
The most accurate models in region I were for storm runoff loads of DS, TN, and TKN . The values of R2 in these models ranged from 0.86 to 0 .95, and standard errors of estimate ranged from 57 to 73 percent (table 2 and fig . 2) . The least accurate model was for storm-runoff loads of SS . The other storm-runoff-load models produced values of RZ and standard errors of estimate between these values .
TRN and DA are plotted in figure 4 to compare the range of these two explanatory variables and to show the lack of correlation between them. DA ranges from less than 1 to about 80 square miles ; most of the observations plot in the range of less than 1 square mile . TRN ranges from less . than I to 2 inches, but most TRN is less than 0.4 inch Therefore, most urban watersheds in region I have small drainage areas, and the storms also are small .
Estimating Procedures for Storm-Runoff Loads and Storm-Runoff Volumes � � � � � � � � � � � � � � TRN and DA are plotted in figure 5 to compare the range of these two explanatory variables and to show the lack of correlation between them . TRN ranges from less than 0.1 to 5 inches, but most TRN is less than 1 .5 inches . DA ranges from less than 1 to about 45 square miles ; most of the observations plot in the range of less than 1 square mile. Therefore, most urban watersheds in region 11 have small drainage areas, and the average storms are larger than storms that occur in region 1.
Storm-Runoff-Load Models for Region 111
In region III, model values of RZ were substantially smaller than those in regions I and II; standard errors of estimate ( fig. 2) were either comparable or larger . The values of R2 ranged from 0.35 to 0.58 (table 2) . The standard errors of estimate ranged from 165 to 265 percent, which were the largest standard errors of estimate for the three regions . Because less variation is explained in areas of large mean annual rainfall, it is important to collect site load, in pounds TP Total phosphorus in storm-runoff load, in pounds DP Dissolved phosphorus in storm-runoff load, in pounds CD Total recoverable cadmium in storm-runoff load, in pounds CU Total recoverable copper in storm-runoff load, in pounds PB Total recoverable lead in storm-runoff load, in pounds ZN Total recoverable zinc in storm-runoff load, in pounds RUN Storm-runoff volume, in cubic feet Figure 2 . Standard errors of estimate for regression models of water-quality constituents and total runoff in three mean annual rainfall regions . specific information to estimate storm-runoff loads . The magnitude of RZ indicates predictive capability of use of the regression model over use of the mean of the response variable. Mean load per unit area represents the state of the art in estimating urban storm-runoff loads . Because R2 values in region III tend to be low, use of the regression models for region III is not much improvement over use of the mean load per unit area. A reason for these poor relations could be that areas that have large quantities of precipitation generally have fewer dry days between storms, and pollutants accumulate at different rates depending on the number of days between storms . Antecedent dry days are not available in the data base, and there are conflicting views in the literature on the importance of dry days in predicting water quality. Miller and Mattraw (1982) reported that in a Florida study antecedent dry periods correlated highly with storm-runoff loads for the residential basin but not for the highway or commercial basins . Ellis, Harrop, and Revitt (1986) reported that in London, United Kingdom, antecedent dry days were not important in controlling the removal of particle-associated pollutants from a highway catchment . Halverson and others (1984) stated that antecedent conditions had little linear correlation with storm-runoff quality . Athayde, Healy, and Field (1982) suggested that antecedent dry periods were impor tant regulators for pollutant concentrations . In Denver, Colo. (Ellis and others, 1984) and Portland, Ore. (Miller and McKenzie, 1978) , antecedent dry days were apparently unimportant; but, in Missouri (Blevins, 1984) , an extended dry period tended to increase the lead and zinc concentra tions near the beginning of storm runoff . Although these findings are conflicting, the locality of the urban area may determine the importance of antecedent dry days, and in regions that have large mean annual rainfall these anteced ent dry days may be important in explaining variations in storm-runoff loads .
TRN and DA are plotted in figure 6 to compare the range and relation of these two explanatory variables to one another and to show the lack of correlation between them . TRN ranges from less than 0.1 to 5.8 inches, but most TRN is less than 2 .5 inches . DA ranges from less than 1 to 14 square miles ; most of the observations plot in the range of less than 1 square mile . Therefore, most urban watersheds in region III have small drainage areas, and average storms generally are larger than storms in regions I and 11.
Storm-Runoff-Volume Models
In storm-runoff-volume (RUN) models, values of RZ generally are larger and standard errors of estimate gener ally are smaller than those for storm-runoff-load models . In the region I model for RUN, the value of R` is greater than in all the models of storm-runoff loads except for DS and TN, and the standard error of estimate is smaller than in all the models of storm-runoff loads except for TN and TKN . In the region 11 model for RUN, the value of R' is larger Table 3 . Summary of three-variable models for storm-runoff loads [Ro is the regression coefficient that is the intercept in the regression model ; TRN is total storm rainfall ; DA is total contributing drainage area ; IA is impervious area; BCF is bias correction factor ; COD is chemical oxygen demand in storm-runoff load, in pounds ; I is region I representing areas that have mean annual rainfall less than 20 inches ; II is region II representing areas that have mean annual rainfall of 20 to less than 40 inches ; III is region III representing areas that have mean annual rainfall equal to or greater than 40 inches ; SS is suspended solids in storm-runoff load, in pounds ; TN is total nitrogen in storm-runoff load, in pounds; TKN is total ammonia plus organic nitrogen as nitrogen in storm-runoff load, in pounds ; TP is total phosphorus in storm-runoff load, in pounds ; DP is dissolved phosphorus in storm-runoff load, in pounds; CD is total recoverable cadmium in storm-runoff load, in pounds ; CU is total recoverable copper in storm-runoff load, in pounds ; PB is total recoverable lead in storm-runoff load, in pounds ; ZN is total recoverable zinc in storm-runoff load, in pounds ; asterisk (*) indicates that the explanatory variable is not significant at the 5-percent level ; equation form is : than in all the models of storm-runoff loads except for DS, Therefore, the most accurate models for RUN are those for the more and Western States and for the Pacific Northwest and the standard error of estimate is smaller than in all the models of storm-runoff loads . In the region III model for and Midwestern and Great Lakes States, and the least RUN, the value of R2 is larger than in all the models of accurate models are those for the wetter coastal Northeaststorm-runoff loads, and the standard error of estimate is ern and Southern States . However, in other rainfall-runoff smaller than in all the models of storm-runoff loads .
studies, such as Lichty and Liscum (1978) , estimates of Typically, storm-runoff volumes are more accurately estirunoff generally improve as rainfall increases. This anom mated than water-quality constituents . A national urban aly could be attributed to limitations in the data base . For study presented models for estimating flood-peak characinstance, the data base for region III is less homogeneous teristics (Sauer and others, 1983) , and the standard errors of than the data base for regions I and II because the number estimate were much smaller than those for storm-runoffof storms measured per metropolitan area is smaller . Also, load models in this report.
the explanatory variables to estimate runoff may be inadeIn models for RUN, regions I and II models are similar quate . For instance, in region III one might expect more in accuracy, whereas the region III model is less accurate .
pervious area runoff than in region I, but the antecedent Estimating Procedures for Storm-Runoff Loads and Storm-Runoff Volumes
conditions, which are unavailable in this data base, may Three-Variable Models for Storm-Runoff Loads strongly control the rainfall-runoff relations . Also, region III has significantly more pervious area than regions I or II.
Generally, the values of RZ are smaller and the standard TRN and DA are again the two most significant errors of estimate are larger in the three-variable models explanatory variables in the RUN models . Also, IA always ( R2 range from 0 .31 to 0 .93 and the standard errors of DP in region III had an unexpected negative sign on the estimate range from 72 to 290 percent, whereas in the more coefficient for IA. Frequently, pervious land surface and its accurate models the values of R2 range from 0.35 to 0.95 associated fertilizers can be a primary source for DP. and the standard errors of estimate range from 57 to 265 percent .
TRN and DA always were significant at the 5-percent Limitations of Significant Explanatory Variables level . IA was significant at the 5-percent level for most of the models except those that have an asterisk next to IA in For regression models listed in tables 1 and 3, the table 3 .
ranges for the physical, land-use, and climaticSigns of the coefficients for each of the explanatory characteristics (explanatory) variables are listed in table 4 variables in the three-variable models generally were posifor each model . If values outside these ranges are used in tive, which indicated an increase in storm-runoff loads the regression models, the standard errors of estimate and resulting from an increase in the explanatory variables.
the average prediction errors may be considerably larger However, the model for estimating storm-runoff loads of than values reported in table 2 . The graphs in figures 3
Estimating Procedures for Storm-Runoff Loads and Storm-Runoff Volumes 1 7 � through 6 show the limited range of the data for the two most significant explanatory variables . As the user applies these regression models to larger drainage areas and larger storms, the accuracy of the estimated storm-runoff loads decreases . Application of the regression models and interpretation of results are subject to a number of limitations . Each application needs to be evaluated on the basis of the following considerations : 1 . The regression models developed in the study are limited to conditions in the 30 metropolitan areas within the three mean annual rainfall regions that have similar physiographic and hydrologic properties. 2. The regression models can only define the effects of the explanatory variables that are statistically significant for each regression model. Models do not include physical or land-use characteristics that define the effects of major industrial point sources, localized nonpoint sources, or atmospheric sources of pollu tion. Consequently, the possible effects of these variables on estimates from each model should be considered when applying the model. Other Potentially Useful Explanatory Variables
The explanatory variables of physical, land-use, and climatic characteristics used in the regional analyses were hydrologically relevant and statistically significant . Certain explanatory variables such as basin slope and other land uses were included in the analyses but failed to improve the accuracy of the regression model. Many explanatory vari ables such as street density, antecedent conditions, rainfall intensity, and main channel conveyance were limited in the number of observations in the data base. However, these explanatory variables are potentially significant and need to be considered in future studies .
In the Milwaukee, Wis ., NURP project, street-refuse deposition, traffic emissions on roadways with a high traffic density, and urban erosion contributed the largest quantities of pollutants to urban storm runoff (Novotny and others, 1985) . In Bellevue, Wash., the habitat adjacent to the streets and drainage channels were the major sources of sediment and pollutants to receiving water (Bissonnette, Techniques for Estimation of Storm-Runoff Loads, Volumes, and Concentrations in Urban Watersheds � 1986) . Studies have indicated that the areas that contributed the largest loads of pollution were either highly erodible, such as plowed land or construction sites, or highly impervious, such as shopping malls (Randall, 1982) . On the basis of these studies, perhaps more precisely defined land-use characteristics, such as area under construction, agricul tural, or park, or other physical characteristics could explain more of the variation about the storm-runoff loads . Regression models of urban storm-runoff quality need to include atmospheric contributions of ammonia and nitrate to more completely define the system (Halverson and others, 1984) . Only extremely limited data were available on rainfall quality, but MNL was tested in all the nitrogen models as a means to define atmospheric contribution. Ellis, Harrop, and Revitt (1986) determined that storm duration was significant in explaining the observed variance in lead, cadmium, manganese, and sediment in stormrunoff loads . A variety of climatic characteristics would have been tested if the data base had had sufficient data for the intensity and duration of storms and for antecedent dry days . If the data for these limited explanatory variables become available nationally, many of these other physical, land-use, and climatic characteristics need to be tested to improve the models . analysis and standardized beta coefficients . The results of each of the tests are described briefly in the following sections; also, two examples of model application are described .
Split-Sample Analysis
The usefulness of the regression models may be assessed by comparing model results with observed stormrunoff loads or volumes for several independent watersheds not used in model calibration . However, all available data for the analysis were used in developing the models . Consequently, split-sample analyses were done on the 34 models of storm-runoff loads and volumes to assess their accuracy at ungaged watersheds and watersheds not included in the calibration data set . Model validation is important because, even though a model seems to perform well for a calibration data set, it may not perform well for a noncalibration data set and vice versa (Troutman, 1985) .
The relative accuracy of the various models presented in this report is judged by the standard error of estimate, which is a measure of how well the regression models estimate the response variables at calibration stations . In contrast, the standard error of prediction is a measure of how well the regression models estimate the response variables at other than calibration stations. Standard error of prediction usually is larger than standard error of estimate because of parameter estimation error, which is a function of sample size . Because the estimation sample size is smaller in the split-sample procedure, the parameter esti- Figure 6 . Relation between total storm rainfall and total contributing drainage area for storms in region III .
